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SECTION 1
FIREBALL PROPERTIES AND SCALING

In this report we shall discuss some effects of the fireball and
shock wave on the late-time EMP from a nuclear burst at the ground-air
interface. We begin by describing some relevant properties of the fireball
and their scaling with yield.

The nuclear energy is released, in a nuclear bomb, in times of
the order of 10 ns. As a result of the high temperature and pressures
developed within the bomb, the bomb materials explode with velocities of
the order of 1 m/usec. The expanding bomb materials pick up the air that
lies in their path, and share their kinetic energy with it. In addition,
a dominant fraction of the bomb energy flows out of the bomb in the form
of thermal X rays, and is deposited in the air within a few meters from
the bomb. The heated air in turn expands and re-radiates, sharing the
energy with a still larger mass of air. There is a metric ton (103 kg)
of air in a sphere of radius about 6 m. When the radius of the heated
region is several times this value, the bomb mass is negligible compared
with the air mass, and one expects the fireball to pass through a sequence
of similar configurations, of which the length scale increases with time.
At an early stage, for EMP interests, the spreading of energy becomes
hydrodynamic rather than radiative; the hot air inside shares its energy
with the cold air outside by driving a shock wave into the cold air, which
is thereby heated to the same temperature as the air inside the shock wave.

The rate of growth of the fireball in the hydrodynamic phase,

and the scaling with yield, can be understood from energy considerations.
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Let v (m/sec) be the shock velocity. The average expansion velocity of
the air within the fireball will be a constant fraction (not much less than
unity) of v. Let R(m) and po(kg/ms) be the radius of the shock wave
and initial air density. Then, since the total kinetic energy in the
fireball will be a constant fraction of the total yield Y (joules) (the
remainder being internal energy of the hot air) we must have

L&) o vV ewr . (1.1)

Here k is a combination of the two constant fractions invoked above, and
depends on the equation of state of air. The value of k determined from
detailed calculations is

k = 0.23 . (1.2)

Solving Equation 1.1 for v, which is dR/dt (t=time), we have

R3/2 R _ (3 ky|1? (1.3)
dt — \2m o : g

Integration of Equation 1.3 yields

/2

5 2m Po

or
(1.4
0.2 :

_.2/5 1/5
(s 3 kY 2/5 _ Y 0.4 :
R _(2) (—2Tr o ) t 0.92(—po ) t%*% (mks units).

This formula is for a burst in free air. For a surface burst, the Y used
in the formula should be twice the actual yield since the fireball is only a

hemisphere and there is not much leakage of energy into the ground. Note that
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1 megaton = 4.18 x 10%° joules (1.5)

Py & 1.23 kg/m3 (near ground surface) . (1.6)

Figures 1, 2 and 3 show contours of temperature, relative mass
density, and free electron density in radius-time plots for a 1 megaton
surface burst (2 MT air burst). These results were computed by
D. S. Sappenfield using his computer code RADFLO. The outermost contour
is the shock wave radius versus time. The dashed curve in Figure 1 repre-
sents Equation 1.4, and we see that for times less than a few tenths of a
second it is quite accurate. The calculation which led to Equation 1.4
neglected the thermal energy already in the air before the burst. At
later times this energy is not negligible; for example, the shock velocity
will not fall below the speed of sound in the ambient air. Thus Equation 1.4
loses accuracy at late times.

There is, however, an accurate scaling of Figures 1, 2 and 3 to
other yields. For various yields Y, the ratio of bomb energy to ambient
air energy in the fireball will be identical when the fireball radius R
has a value such that R3 is proportional to Y, or R is proportional
to Yl/s. Since the shock velocities in these cases will also be identical
(Equation 1.1), the time (after burst) is also proportional to Yl/3 Thus

Figures 1, 2 and 3 apply to other yields if the time and distance scales

are both changed as Yl/s. For example, the figures would apply to
1 kiloton if the time "1 sec' were changed to read '"0.1 sec' and the

radius ''1 km" were changed to read '"0.1 km."

For the 1 MT case, the maximum radius of the fireball is about
1 km, although a weak shock wave travels outward to larger distances.
The air within 1 km is left much hotter than ambient (1 eV = 11,606°K),
and its mass density is much less than normal; the pressure is left at
about 1 atmosphere. The electron densities in Figure 3 represent thermal

ionization, and do not include ionization due to radioactivity. Thermal
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ionization dominates inside the shock wave at early times, and inside
about 1 km at later times. After a few seconds, the fireball rises off
the ground due to its buoyancy; this effect is not included in the figures.

One can foresee several effects of the fireball on the EMP.
First, the electrical conductivity will be high inside the fireball
because of the free electrons. Thus, electric fields will be small there,
and magnetic fields will tend to be pushed out by the expanding air.
Second, outside the fireball proper, light from the fireball and heating
by the shock wave tends to detach electrons from 0; , raising the con-
ductivity. Finally, the reduced mass density in the fireball affects the
source and transport of the late-time gammas. We shall estimate these
effects in following sections of this report.




SECTION 2
MAGNETIC FIELDS WITH AN EXPANDING REGION OF HIGH CONDUCTIVITY

S g R e § AR R ¥ T
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Once a gas begins to ionize, its conductivity increases rapidly
with increasing temperature. 1In this section we review the basic mechanisms
which govern the conductivity of a hot gas and apply them to our fireball.
At early times (t < 0.1 sec) we find that a region of strong conductivity {
(21000 mhos/m) will be travelling with the blast wave. This leads to a

simple solution for the electromagnetic fields in the frame of the advancing
front of high conductivity. We present this solution and briefly discuss its

implications for an inner boundary condition for our EMP analysis.

FIREBALL CONDUCTIVITY

The conductivity ¢ of a hot, partially ionized gas is limited

either by the electron collisions with neutrals or with other electrons.

It is more straightforward to consider the resistivity which results from

these processes since resistivities are additive; e.g.,

o= (n, +nyt (2.1)

where My is the resistivity due to electron-neutral collisions and Ng

is that due to charged-particle collisions.

The resistivity due to electron-neutral collisions may be read

1

from a graph of Phelps.® Up to a temperature of 1 ev, this curve is

approximately given by the formula,

n

n = 3.2 x 10'6(n—“-)1~°'7 (ohm-m) (2.2) :

€ |

i
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Here, ne and n, are electron and neutral particle densities and T is

the temperature in electron volts. Above approximately 1 ev, air becomes ]
g strongly ionized (nn*o) and at the higher temperatures the resistivity
is dominated by charged-particle collisions.

Due to the long-range nature of the Coulomb force the resistivity

of an electron gas is enhanced due to the multitude of small angle collisions.
The theory for the resistivity of a singly ionized gas was first developed

by Landshoff? and a later analysis by Spitzer and Harm® is in full agreement;
their formula is

(ohm-m) (2.3) l

with T again in electron volts. The Coulomb logarithm 1InA in this
expression is a slowly varying function of electron temperature and
density. It is well approximated by the value 10 for conditions for

which we are interested.

The information of Figures 1, 2 and 3 may be used to calculate
the conductivity as given by Equation 2.1 using Equations 2.2 and 2.3. The

neutral particle density is found using n_ = ung where u 1is the relative

air density from Figure 2, and ng is the quiescent particle density
n, = 5 x 1019. Figure 4 summarizes our calculations. The charged-particle
collisions are the limiting mechanism for conductivities greater than about |

1000 mhos/m.

MAGNETIC FIELD PROFILES ACROSS THE SHOCK

| For our one megaton model problem, very high conductivity exists |
F in the fireball. At the earlier times this conductivity is turned on in |
the shock front, while the air is being compressed. The question arises as

to whether the magnetic field swept over by the shack is compressed along

with the air in the shock. We shall see that it is not.

11

T N A [P A T A S ————

: . e e ———T— .
o ————————— v — —r— - - - - 3
~ - . "t 3 ad " a ot




e L e e b |

: ‘w/soyu uL A3LAL3INPUGD
34R SIAUND 3YJ JBAU SAAQUNU BY] “3SuNG deuns uojebaw-| 403 “
j01d aWL3-SNLPRA UL A3LALIONPUOD [@D1AFDD JUBISUOD 4O SANOIUO) “p S4nbLd

(spuodas) awy]

=)
1
iR}
'
—
+
T
1
~-
I
+
B

o
Ll
o
—
™
o
—
t
|
=
-
[ =3
—
-
—
=
T
Bl
0
T
1]
111
=
1
]

T
o
i
T
Eu
: H
B
I
18 FRB Y
i
1t
B3N
T

asss:
17
e
s
b
T
pass
2
s
T3
T
In
1
i1

-
=t B
4 INREI

==s

v

T

I

i

&l

I
el

T
1
1+
'S8 BR
183 881
A
T4
I

I LN T EIN T et T
E fIEEEEEEES

12

]
i
T
1
T
'
.
It

H
T
3
n}
X
T
1L
T
Tt
e
| il
e
sum
sam3
T
LI '1‘1;‘1 184
e

I CHod 1R TR

L
]
T
N
i
T
H
I
t

h
o
1
134 OO
il
LN TR M
T
~
T
n
;
"
T
i
PRI ETIN 1O
LN [N
t

:
S
T
-
>
{
"
s
—

(wy) snipey

B Nt
X
J\
¥ A
I\
Niet)
‘
-
Il
fus
ENES

N
X
s 3

|

t
T

T
o2
15 0ae
Tt
——r
iy

188
Tt
1

2 1 H A T g 1 HEEE
EEEfeaEms 11! 1 HE 4 ]
i H fusa = = o = HHHH e o g —
- . S 1 1 HEH P T
‘ 5 = il 6ERs el i IR EEEERE
3 i H HELT [ SiEEESEES H iloiAIBSREEEERE
{ I HiHHT FHAH 2 ZEEE FH{H Ii3515A050 5 SEREE

===

m
i
4




x

VZ 2 VS/MS s
X
Region II Region I

e —-—-_x
<

-
—f'

Figure 5. Electric and magnetic fields—shock geometry.

Let us consider the one-dimensional flow problem sketched in
Figure 5 above. Air flows from right to left, being at ambient density
and temperature in Region I, where it is not highly conducting. The shock
structure is contained between the two planes Az apart; within this
region the air is compressed, heated, and made conducting. The shock is
at rest in our coordinate system; it would move to the right with speed
Yo if Region I were brought to rest (lab. system). In Region II the air
density is greater than ambient by the compression ratio M s and the air
speed is reduced by a factor Mg, to conserve mass. The conductivity is
high in Region II. In Region I we have an initial magnetic field B; in
the x-direction. What is the magnetic field in Region II?

Any change in the magnetic field will induce an electric field
in the y-direction. One relation between the electric and magnetic fields

is Faraday's law,

3E, OB,
==X=0

i at

. (2.4)

adalas




Here we have assumed an/at = 0 on the expectation that a steady
solution exists. We thus find that Ey must be independent of both =z and
t. Then Ampere's law becomes

BBx

-l UOU(Z)[EY - v(z)B ]
where -v 1is the air speed in the z-direction and
M, = 4T X 10”7 henry/meter. (2.6)

We have used here Ohm's law for a moving medium. In Region II, where o

and v are constant, the general solution of Equation 2.5 is

E
B = V§'+ A exp(—uocvzz) (2v7)

X

Here A 1is an arbitrary constant, but since we want our solution to be
well-behaved as 2z » -, we must choose A = 0. Thus we must have, in

Region II,

sz2 = Ey (2.8)
Now, let us see whether Bx can change appreciably within the
shock structure. From Equation 2.5 we can estimate the change ABx across
the shock as

AB

X
TX-N -LIOO'VAZ . (2.9)

In order not to underestimate ABx we use the maximum value of o, i.e.
that behind the shock, and the maximum value v, of v. From Figure 4
we choose
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g = 103 mho/m

v =06 X 103 m/s .

The shock thickness is certainly less than 1 mm. Thus, we find

AB

1;£.< @mx10”7) (10%) (6x10%) 1073
x (2.10)

< 0.0075 .

We see that the change in Bx across the shock structure itself is

negligible.

In region I, a solution similar to Equation 2.7 holds. However,
the air here is only weakly conducting because of gamma induced ionization.
The relaxation length (uoovs)'1 tends to be very long here, so that in our

one dimensional problem Bx is approximately constant, and

(2.11)

In the actual EMP problem, the fall-off of B in the region outside the
fireball is determined by the fall-off of the Compton current source.

We can derive a boundary condition to use in the EMP calculation
at the fireball radius. This boundary condition relates E6 and B¢ (in
terms of spherical coordinates). In the shock frame this condition is
just Equation 2.8, which in the Gaussian units used in LEMP and SUBL reads

v
La vnl e i

In the laboratory (or LEMP-SUBL) system

¥ Vg 1 Vs
Bo=Eg+ = B, =(l- W S A (2.13)

15




This equation says that the air behind the shock is regarded as a perfect !
conductor. If we drop the term llus as being small compared with unity, ?
the result is equivalent to assuming that the shock front itself is a

moving perfect conductor. There is no strong reason to choose one of

these models over the other. If we drop l/us, there will be no magnetic

flux inside the shock. If we retain it, the magnetic field just behind

the shock will be the same as that just ahead of the shock, but the

magnetic field will be very low in that part of the fireball where the

air density is very low. :

It is simpler in SUBL to drop the 1/u_ term, since then it is |
not necessary to solve Maxwell's equations inside the fireball. For this
reason, we shall adopt this procedure in modifying SUBL. In this case

we need only to specify the shock position (or speed) as a function of
time, and do not need to describe the air motions inside the shock.
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SECTION 3
EFFECT OF FIREBALL ON GEOMAGNETIC FIELD

The geomagnetic field is not included in LEMP and SUBL calcula- {
tions, since additional field components and (in general) 3-D calculations
would be required. However, we can now easily estimate the magnitude of
the MHD effects involving the geomagnetic field.

We saw, in Section 2, that the geomagnetic field will be almost

entirely pushed out of the fireball because the compression in the shock
front occurs in such a short distance that the magnetic field cannot be
compressed with the air. As the air is compressed most of the magnetic
field '"squirts out" into the low conductivity region ahead of the shock.
According to Equation 2.13, only a fraction l/us of the flux swept over
is retained in the compressed air. We shall ignore this small fraction
and drop the l/us term. Then all of the field is pushed out of the
fireball. There will be no geomagnetic field inside the fireball, and
outside there will be a dipole field superposed upon a uniform field.
(The air conductivity outside the fireball is small by the time (t>0.01 sec)
the fireball effects are of interest; magnetic relaxation times in the
ground are also short compared with these times of interest.)

For a complete spherical fireball, the maximum geomagnetic field
on its surface would be 3/2 of the ambient field. For the hemispherical
fireball this value is not quite right, but we can use it for an estimate.
For a vertical geomagnetic field Bo we would then Lave an azimuthal
electric field E, at the ground surface given by

¢
v

E¢~:;‘-T’so ; (3.1)
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Evaluating this estimate for

6 x 10° m/s (at t ~ 0.01 sec) |,

<
n

™
|

= 0.6 gauss ,
we obtain

Ey~ 1.8 107° esu

(3.2)
= 0.54 v/m

This result holds at the fireball radius. At larger distances E, falls

2 ¢
off as 1/r".

E¢ also falls off as time increases because the shock speed
decreases. Eventually, the conductivity of the fireball becomes so low
that the geomagnetic field diffuses back into it. The distance diffused
(or skin depth) at time t is

§ ui% (3.3)
o

Putting 6 = 103 m (the maximum fireball radius for 1 megaton) we find
the diffusion time to be

t~ 0.60

~ 6 seconds, if ¢ = 10 mho/m (3.4)

From Figure 4 we see that the conductivity is indeed about 10 mho/m at
six seconds, so that this is the time when the field will diffuse back
into the fireball. By this time the fireball has risen appreciably.

18
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SECTION 4
NEUTRON DIFFUSION ACROSS A SHOCK

Neutron capture by nitrogen nuclei is the major source of late-
time gamma rays in close-in EMP calculations. In this section we will
discuss the effect of the blast wave on the spatial and temporal
distribution of these sources.

The prompt neutrons produced in the detonation initially have
an energy of the order of an Mev and the cross section for the elastic
scattering of these neutrons by air nuclei is a few barns. The neutrons
2 sec'l) and will

thermalize before the arrival of the blast wave. The blast wave will

will therefore have a high collision frequency (~10

expand with velocities of the order of the sound velocity and will arrive

at a given radius somewhat after the neutrons.

The blast wave will tend to sweep up the air as it proceeds
outward. The result is a shell (~10-20 m. thick) of dense air following
the shock front. By continuity the shell must be relatively hollow; i.e.,
the air within the shell is rarefied. The dense shell of air will itself
tend to collect the neutrons as it proceeds outward and, to first order,
this process is examined using diffusion theory.

In the derivation of the neutron diffusion equation the scattering
centers are assumed to be at rest in the laboratory frame of reference. If
the scattering centers have a flow velocity, the diffusion equation must be
modified to account for this. Let F' be the neutron flux in the frame
of the moving medium and U be the velocity of this medium relative to
an observer's frame. If F and n are the flux and density in the

19
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observer's frame, then it is straightforward to show that
->
F=F +un . (4.1)
Fick's law for the neutron flux in the moving frame is given as usual,

Fre 22 og 4.2)

where A 1is the transport mean-free path and <v> is the characteristic
neutron velocity. The neutron velocity distribution is assumed to be
sharply peaked about this velocity; i.e., we are using one-velocity
diffusion theory.

The flux in the observer's frame is therefore expressed as

¥ul “3‘” T+ o . (4.3)

Substituting this into the continuity equation yields our Galilean-transformed
diffusion equation

?a% = - VoF = v-( A5V - Kn) ) (4.4)

The value of the diffusion coefficient in this equation A<v>/3 1is approxi-
mately 4 X 108 cmz/sec. The diffusion times are short compared with the
hydrodynamic times and the neutron density will quickly relax to a quasi-
static profile in the frame of the blast wave. The stationary profile is

faund by solving the diffusion equation with the time derivatives neglected.

As in Section II, the geometry is such that the curvature of the
fireball is negligible and a one-dimensional analysis is applicable.
Equation 4.4 then yields, on integrating once with respect to x,

A<v> 9
—7¥—-5¥-- it 4 (4.5)
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The constant of integration is evaluated by assuming that at some distance
in front of the shock the neutron density is a constant n; Vg is again
the shock velocity.

The neutron transport mean-free path A is inversely proportional
to the density which is a function of position. In the frame of the shock
there will be hydrodynamic equilibrium with the material flux pu constant.
Equation 4.5 may therefore be rewritten

-v_n
on iS50
Kax """ 3 (4.6)
A<v> 1 ) e
where Kk = T B is the constant characteristic scale length for the

change in neutron density. It is a simple matter to solve this equation
for arbitrary shock profiles.

As a model we consider the three region one-dimensional situation
shown in Figure 6. The dashed lines indicate the air density in the frame
of the shock. Region 1 is the ambient medium in front of the shock. The
shock front is at Xg behind which is the dense shell Region 2. To the
left of the origin is the rarefied core Region 3. For these regions of

constant density the solutions of Equation 4.6 are readily obtained,
n = Ai + Bi exp (-x/K) 4.7)

where the subscripts specify a region. The particular solution is given
by Ai = novs/ui where the u's are known since the air flux pu is
constant. The B's are evaluated by applying neutron density continuity
at the interfaces and the fact the neutron density must be bounded.
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Figure 6. Blast-wave air and neutron densities.
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[
(P,-py)exp(x_/k) + (P.-P,)
ng -1 Pt i 21 3 f exp (-x/K) xs<x
[0, + (P,-P,)exp(-x/K)
n = ng L 2 3 pf ] o<x<xs (4.8)

(9]

3
n — x<o
o<pl>

In Figure 6 we have included the curve for the neutron density for
the case when pz/p1 =6, 03/01 = 0.1 and XS/K = 4, These parameters
represent a typical shock for the l-megaton surfzce burst at 0.1 second
(see Figure 1).

In LEMP and SUBL we currently use a neutron-capture gamma
source which assumes constant air density. It utilizes numerical fits of
the monte-carlo calculations of Sargis, g&_gl.“ It is a straightforward
matter to incorporate the above results into the time history of our late-

time gamma sources.

We have air density profiles as a function of time. Figure 2
gives this information in detail but parameterized profiles like Figure 6
are sufficiently accurate in this analysis. We know the total time--
integrated number of neutrons to be apsorbed; it is the same as that when the
blast wave was ignored. This gives us the initial number of neutrons.
Wg can then calculate the neutron density profile as was done above, and
calculate the number of neutrons absorbed and the number of gammas produced
in a time step. Subtracting the neutrons captured gives the number for
the new air density profile of the next time step. The process is repeated
for the duration of the EMP calculation. In calculating neutron loss due to
capture, both processes which contribute to the depletion of thermal neutrons
in air are included. The larger cross section (~1.7 b) is for the (n,p)
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reaction which produces C14. The one of interest in EMP computations is

the less common (n,Y) reaction (~0.1 b) which produces a 6 Mev gamma ray.

After the detonation the prompt neutrons will establish their
spatial distribution rapidly (on the order of a few milliseconds). After
the neutrons have thermalized they essentially come to a halt relative to
the velocity of the blast. The nitrogen-capture gamma-source region
has a radius of about 200 m. The mean time to capture for thermal neutrons
in standard-temperature-and-pressure air is about 0.06 sec. Except for small
yields (<20 kilotons), the blast wave will completely engulf the neutron
spatial distribution within this time. Once this occurs the neutrons will

be more slowly absorbed in the tenuous core of the fireball.

In general, due to the enhanced densities, we will initially
obtain a stronger gamma source. Later, after the fireball engulfs the
neutrons, the source will be somewhat weaker but more persistent. The
details of how the model outlined here is incorporated in the SUBL code

will be described in a later report.
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SECTION 5
PHOTODETACHMENT OF 0

2 .

The radiation from the fireball is that of a blackbody with a
temperature of several thousand degrees. Even though this radiation is
very intense near the fireball, we will show in this section that it will

result in a negligible number of electrons being detached from the 02 .

The sun also emits blackbody radiation with a temperature of

2
has been found to be 0.3 sec_l. The radiation from the fireball will

several thousand degrees. The photodetachment rate for 0, in sunlight®
have about the same spectrum but will, of course, be much more intense
close-in where the EMP is produced. We can find an upper limit on the

0; destruction rate by multiplying the rate at the earth by the square
of the ratio of distance to the sun to the sun's radius. We find a
detachment rate of 1.5 X 104 sec'l. This would be at the surface of

the sun and corresponds to the detachment rate near the surface of the
fireball. The destruction rates at some distance away from the fireball
would be smaller. In contrast, the electron-oxygen attachment rates are

of the order of 108 sec—1

for typical conditions. Since the ratio of elec-
tron mobility to ion mobility is about 103, we can ignore the effect of photo-

detachment caused by light from the fireball.

After a period of time the hydrodynamic shock wave will separate
from the cooling fireball. This may be discerned from an examination of
Figure 1. This separation will occur somewhat after the times of interest
to EMP, at about 0.3 second in Figure 1. Only a thin region outside the
fireball is heated sufficiently by this weaker shock to detach the electrons.
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SECTION 6 f
SUMMARY 5

We have presented in Figures 1 through 4 a set of yield-scalable
fireball characteristics of importance for EMP effects at late times. We
have developed in Section 2 a simple way of including the effect of the
shock wave and fireball conductivity in EMP calculations such as SUBL. In
Section 3 we have made estimates of the electric field due to interaction

of the fireball with the geomagnetic field. The estimated field is small

(~500 volts/km), but could be important for wires or wire loops with dimensions
of the order of several kilometers. In Section 4 we have constructed a model
of the effect of the blast wave and fireball rarefaction on the neutron capture
gamma source, which also can be put into SUBL. In Section 5 we have shown

that the effect of photodetachment due to fireball light is negligible for
EMP purposes.
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